Introduction
============

The primary visual pathway (from the retina to the lateral geniculate nucleus to the striate cortex or V1) is chiefly responsible for the conscious perception of visual stimuli. A second visual pathway relays presumably unconscious visual information from the retina to the superior colliculus (SC), then to the pulvinar nucleus. The pulvinar nucleus subsequently projects to visual areas of the parietal and temporal cortex (Stepniewska et al. [@B77], [@B78]; Wong et al., [@B91]; Berman and Wurtz, [@B5]; Lyon et al. [@B55]) as well as to the striatum (Beckstead, [@B3]; Lin et al., [@B52]; Takada et al., [@B79],[@B80]; Harting et al., [@B32],[@B33]; Harting and Updyke, [@B31]; Kunzle, [@B45]) and to the amygdala (Linke et al., [@B53]; Shi and Davis, [@B72]). Although the exact functions of the pulvinar nucleus remain obscure, a variety of studies suggest that it plays important roles in directing spatial attention as well as linking visual stimuli with context-specific motor responses. Damage to, or inactivation of the pulvinar nucleus can result in inattention to the visual hemifield contralateral to the affected pulvinar, and/or impaired ability to guide movements in relation to visual signals (spatial neglect; Grieve et al. [@B29]; Arend et al., [@B2]; Snow et al., [@B74]; Wilke et al. [@B89]). Spatial neglect can also result from damage to either the cortical or subcortical targets of the pulvinar nucleus. Lesion sites within the right parietal or temporal cortex can cause neglect symptoms (Verdon et al., [@B82]) and the subcortical damage sites most often associated with visual neglect are the right caudate and putamen (Karnath et al., [@B40], [@B39]).

Visual pathways through the SC and pulvinar nucleus may also be responsible for (1) the ability of patients who have sustained V1 damage to continue to use visual cues to guide their movements even in the absence of conscious visual perception, a phenomenon referred to as "blindsight" (for review Cowey, [@B17]), and (2) the finding that fearful images can elicit emotional responses in the absence of their conscious perception, a phenomenon referred to as "unseen fear" or "subliminal fear" (Liddell et al., [@B51]; Williams et al., [@B90]). Findings supporting this function of the SC and pulvinar nucleus include evidence that lesions of the pulvinar impair responses to threatening visual images (Ward et al., [@B85]) and that the SC, pulvinar, and amygdala are activated during the brief presentation of fearful faces masked by neutral faces (Morris et al., [@B61], [@B60]; Liddell et al., [@B50]).

The idea that components of the second visual pathway are involved in linking vision with action is also supported by correlating the anatomical organization of these pathways in different species with the behavioral effects of V1 lesions. In particular, in a prototypical primate, the tree shrew, the majority of the pulvinar nucleus receives input from the SC (Luppino et al., [@B54]; Chomsung et al., [@B12]), and visually guided movements are amazingly unrestricted even after complete removal of V1 (Diamond and Hall, [@B20]; Snyder et al., [@B75]). The tree shrew therefore provides an excellent model for the study of the organization of secondary visual pathways and their potential role in neglect, blindsight and/or unseen fear.

In the tree shrew, the dorsal (Pd) and central (Pc) pulvinar both receive restricted, topographic ("specific") projections from the SC, and the Pd receives an additional widespread, non-topographic ("diffuse") SC projection (Luppino et al., [@B54]; Chomsung et al., [@B12]). Further distinctions between these pathways were provided by ultrastructural studies, which revealed a greater involvement of pulvinar interneurons in the specific pathway, when compared to the diffuse pathway (Chomsung et al., [@B12]). However, the function of these two pathways remains obscure; we found the Pd and Pc targeted similar regions of the temporal cortex (Chomsung et al., [@B13]).

In the current study, we sought to determine whether the Pd and Pc project differentially to the striatum and amygdala in order to gain insight into the potential function of the specific and diffuse tectopulvinar pathways. Within the striatum, we examined the relationship of Pd and Pc projections to the striosome and matrix compartments to further assess the function of these two pathways. Graybiel and Ragsdale ([@B28]) originally described the unique organization of striatum sections stained for acetylcholinesterase (AChE) as a mosaic of pale staining patches (or striostomes) distributed in a more densely stained matrix. Subsequent studies of the connection patterns of these compartments suggest that they participate differentially in limbic-based (striosome) and sensorimotor/associative (matrix) circuits (for review, see Graybiel, [@B27]). Our results indicate that the specific tectopulvinar pathway relays topographic visual information to the striatum matrix while the diffuse tectopulvinar pathway relays non-topographic visual information to the amygdala. We suggest that the specific pathway may aid in the visual guidance of precise movements, while the diffuse pathway may function as an "alarm" pathway to potentially alert the animal to dangerous visual images.

Materials and Methods
=====================

A total of 9 adult tree shrews (*Tupaia belangeri*); 4 male and 5 female, (140--270 g) were used for these experiments. To label pulvinar cells by retrograde transport, 2 tree shrews received an iontophoretic injection of the beta subunit of cholera toxin (CTB; List Biological Laboratories, Inc., catalog \#105) or fluorogold (FG; Fluorochrome LLC, Denver, CO, USA) in the putamen (1, CTB) or amygdala (1, CTB and FG on opposite sides). To label pulvinar projections by anterograde transport, 7 tree shrews received an iontophoretic injection of biotinylated dextran amine (BDA; 3,000 MW, Molecular Probes, Eugene, OR, USA) in the pulvinar nucleus (other pulvinar projections in these 7 cases were reported in our earlier publications (Chomsung et al., [@B12], [@B13]). Selected sections from injected tree shrew brains were stained for acetylcholinesterase (AChE) to identify pulvinar subdivisions, or substance P (SP), parvalbumin, or the potassium channel interacting protein (KChIP) to identify the patch matrix compartments of the striatum. All methods were approved by the University of Louisville Animal Care and Use Committee and conform to the National Institutes of Health guidelines.

Tracer injections
-----------------

Tree shrews that received injections were initially anesthetized with intramuscular injections of ketamine (100 mg/kg) and xylazine (6.7 mg/kg). Additional supplements of ketamine and xylazine were administered approximately every 45 min to maintain deep anesthesia through the completion of the injections. Prior to injection, the tree shrews were placed in a stereotaxic apparatus and prepared for sterile surgery. The heart rate was continuously monitored with a MouseOx pulse oximeter (STARR Life Sciences Corp., Pittsburgh, PA, USA). A small area of the skull overlying the putamen, amygdala or pulvinar nucleus was removed and the dura reflected. A glass pipette containing BDA (5% in saline, tip diameters approximately 3 μm) or FG (2% in saline, tip diameter approximately 10 μm) or CTB (1% desalted CTB in 0.1 M phosphate buffer (PB), pH 6.0; tip diameters approximately 2 μm) was lowered vertically and the tracer was ejected iontophoretically (2 μA positive current for 15--30 min).

After a 7-day survival period, the tree shrews were given an overdose of ketamine (600 mg/kg) and xylazine (130 mg/kg) and were perfused through the heart with Tyrode solution, followed by a fixative solution of 2% paraformaldehyde and 2% glutaraldehyde or 4% paraformaldehyde in 0.1 M PB (pH 7.4). The brain was removed from the skull, sectioned to a thickness of 50 μm using a vibratome, and placed in PB.

Histochemistry to reveal tracers
--------------------------------

The BDA was revealed by incubating sections in a 1:100 dilution of avidin and biotinylated horseradish peroxidase (ABC; Vector Laboratories, Burlingame, CA, USA) in phosphate-buffered saline (0.01 M PB with 0.9% NaCl, pH 7.4; PBS) overnight at 4^o^C. The sections were subsequently rinsed three times in PB (10 min each), reacted with nickel-intensified 3,3′-diaminobenzidine (DAB) for 5 min, and washed in PB. DAB-labeled sections were either mounted on slides or prepared for electron microscopy as described below. To reveal BDA for confocal microscopy (in combination with immunocytochemical labeling of the patch/matrix compartments, described below) sections were incubated in a 1:100 dilution of streptavidin conjugated to Alexa Fluor 488 or 546 (Molecular Probes, Eugene, OR, USA).

The FG was revealed with ultraviolet light, or by incubation with a rabbit anti-FG antibody (Fluorochrome) diluted 1:50,000. The antibody was revealed by either a biotinylated goat-anti-rabbit antibody (1:100, Vector), ABC and DAB reaction, or by a goat-anti-rabbit antibody conjugated to Alexa Fluor 488 or 546 (Molecular Probes). The CTB was revealed using a rabbit-anti-cholera toxin antibody (Sigma) diluted 1:10,000, followed by a biotinylated goat-anti-rabbit antibody (Vector), ABC, and DAB reaction or a goat-anti-rabbit antibody conjugated to Alexa Fluor 488 or 546 (Molecular Probes).

A Neurolucida system and tracing software (MicroBrightField, Inc., Williston, VT, USA) was used to plot the distributions of pulvino-putamen and pulvino-amygdala cells and terminals. Adjacent sections stained for AChE (described below) were used to delineate the Pd and Pc.

AChE staining to reveal pulvinar subdivisions
---------------------------------------------

Using a protocol modified from Stepniewska and Kaas ([@B76]), the tissue was rinsed in deionized water, placed in a solution of AChE for 3 h, and then rinsed in saline, followed by deionized water, before reacting with a 1.25% sodium sulfite solution for 1 min. Following deionized water rinses, the tissue was then incubated in a 1% silver nitrate solution for 5 min, rinsed with deionized water and placed in a 5% sodium thiosulfite solution to adjust the contrast of the tissue staining (approximately 5 min). Finally, the tissue was rinsed in saline, and mounted on slides for light microscope examination.

Immunocytochemistry to reveal patch/matrix proteins
---------------------------------------------------

To reveal the patch/matrix organization within the tree shrew striatum, antibodies shown to bind to proteins that are differentially expressed in the patch or matrix compartments of the striatum in various species were employed. The following antibodies and dilutions were used: rat-anti-substance P (SP; Accurate Chemical, Westbury, NY, USA used at a dilution of 1:250), mouse-anti-paravalbumin (Sigma, St Louis, MO, USA used at a dilution of 1:10,000), mouse-anti-potassium channel interacting protein (KChIP; NeuroMab, UC Davis, used at a dilution of 1:5). Selected sections were incubated overnight in one of the above antibodies. The next day sections were rinsed in 0.1 M phosphate buffer, incubated 1 h in the appropriate secondary antibody at a 1:100 dilution (biotinylated goat-anti-rat for substance P; biotinylated goat-anti-mouse for parvalbumin and KChIP; Vector Laboratories, Burlingame, CA, USA), rinsed again and incubated for 1 h in avidin and biotinylated-horseradish peroxidase (ABC solution) at a dilution of 1:100, before reacting with nickel-enhanced diaminobenzidine (DAB).

Confocal microscopy
-------------------

To determine if pulvino-striatal axons innervate the patch or matrix compartments or the striatum, sections containing terminals labeled by the anterograde transport of BDA injected in the pulvinar nucleus were incubated overnight in a 1:100 dilution of streptavidin conjugated to Alexa 546 (Molecular Probes, Carlsbad, CA, USA) and either the rat-anti-SP or mouse-anti-parvalbumin antibodies. The following day the sections were rinsed and incubated for 1 h in secondary antibodies (anti-rat for substance P; anti-mouse for parvalbumin) conjugated to Alexa Fluor 488 at a dilution of 1:100. Sections were then mounted and viewed with a laser scanning confocal microscope (Olympus 3 Laser Scanning Confocal Microscope Canter Valley, PA, USA). To illustrate the interlocking pattern of the patch and matrix compartments, sections were incubated in rat-anti-SP 1:250 and mouse-anti-parvalbumin 1:10,000 overnight. The following day the sections were incubated in biotinylated goat-anti-rat for 1 h, followed by streptavidin conjugated to Alexa Fluor 546 and anti-mouse conjugated to Alexa Fluor 488 for 1 h. Sections were then mounted and viewed with the confocal microscope.

Electron microscopy
-------------------

Striatum and amygdala sections that contained terminals labeled by the anterograde transport of BDA were postfixed in 2% osmium tetroxide, dehydrated in an ethyl alcohol series, and flat embedded in Durcupan resin between two sheets of Aclar plastic (Ladd Research, Williston, VT, USA). Durcupan-embedded sections were first examined with a light microscope to select areas for electron microscopic analysis. Selected areas were mounted on blocks, ultrathin sections (70--80 nm, silver--gray interference color) were cut using a diamond knife, and sections were collected on Formvar-coated nickel slot grids. Selected sections were stained for the presence of gamma amino butyric acid (GABA). A postembedding immunocytochemical protocol described previously (Patel and Bickford, [@B62]) was employed. The GABA antibody (Sigma, catalog \# A2052, used at a dilution of 1:1000--1:2000) was tagged with a goat-anti-rabbit antibody conjugated to 15-nm gold particles (Amersham, Arlington Heights, IL, USA). The sections were air dried and stained with a 10% solution of uranyl acetate in methanol for 30 min before examination with an electron microscope.

All labeled terminals involved in a synapse were photographed within each examined section. The pre- and postsynaptic profiles were characterized on the basis of size (measured using SigmaScan software, SPSS Inc., Chicago, IL, USA) and the presence or absence of synaptic vesicles.

Results
=======

Pd and pc project to the striatum; pd projects to the amygdala
--------------------------------------------------------------

Following large BDA injections that involved both the Pd and Pc (Figure [1](#F1){ref-type="fig"}A), terminals labeled by anterograde transport fill large regions of the postcommisural putamen (Figure [1](#F1){ref-type="fig"}B) caudate (Figure [1](#F1){ref-type="fig"}C), as well as the lateral amygdala (Figure [1](#F1){ref-type="fig"}F). No pulvino-striatal terminals were distributed in regions of the caudate and putamen rostral to the anterior commissure. Smaller injections, confined to either the Pd or Pc (example Pc injection illustrated in Figure [1](#F1){ref-type="fig"}D; all other injection sites illustrated in Chomsung et al., [@B12], [@B13]), labeled more discrete clusters of terminals in the caudate (Figures [2](#F2){ref-type="fig"}A--C) and putamen (Figures [1](#F1){ref-type="fig"}E, 2A--C, E--G), and injections of the Pd, but not the Pc, also labeled diffusely distributed axons in the lateral amygdala (Figures [2](#F2){ref-type="fig"}E--G).

![**The pulvinar nucleus projects to the striatum and lateral amygdala**. Large BDA injections that involved both the dorsal (Pd) and central (Pc) pulvinar **(A)** labeled terminals throughout putamen (PUT, **B**) and caudate nucleus (Cd, **C**), although conspicuous patches (asterisk) were devoid of label. The injection illustrated in **(A)** also labeled terminals throughout the lateral amygdala (AMG, **F**). Smaller BDA injections confined to the Pd or Pc labeled restricted clusters of terminals in the Cd and PUT. An example Pc injection is illustrated in **(D)** (inset illustrates the injection site at higher magnification) and the resulting terminal distribution in the PUT in **(E)**. Scale bar in **A** = 500 μm. Scale bar in **B** = 100 μm and also applies to **(E)**. Scale bar in **C** = 100 μm and also applies to **(F)**. Scale bar in **D** = 1 mm (inset scale bar = 100 μm). dLGN, dorsal lateral geniculate nucleus; OT, optic tract. **A** was previously published in Chomsung et al., [@B13].](fnana-04-00143-g001){#F1}

![**The dorsal (Pd) and central (Pc) pulvinar project to the striatum; only the Pd projects to the amygdala**. **(A--C)** Two dimensional (2D) neurolucida plots of the distribution of terminals labeled by anterograde transport in the caudate (Cd) and putamen (PUT) following three separate injections of BDA in the Pc. **(D)** Injection sites for **(A--C)** depicted in three-dimensional (3D) neurolucida reconstructions of the pulvinar nucleus. The color of each injection site corresponds to the color of the terminals in **(A--C)**. **(E--G)** Two-dimensional plots of the distribution of terminals labeled by anterograde transport in the PUT and amygdala (AMG) following three separate injections of BDA in the Pd. **(H)** Three-dimension reconstructions of injection sites for **(E--G)**. Because the full extent of the Pd is not viewable in the orientation depicted, the Pc subdivision was made transparent in this panel as well as in **(J,K)**. **(I)** Two-dimension plots of the location of FG and CTB injections in the PUT and AMG. **(J,K,L)** Three-dimension reconstructions of the distribution of cells labeled in the pulvinar nucleus by retrograde transport from the injections illustrated in I. The color of the cell distributions corresponds to the injection site colors in I. Scale bar in **A** = 1 mm and applies to all 2D plots. Scale bar in **D** = 1 mm and applies to all 3D pulvinar reconstructions. C, caudal, CL, claustrum, D, dorsal, OC, optic chiasm, OT, optic tract, R, rostral, V, ventral. Orientation arrows in D also apply to all 3D pulvinar reconstructions.](fnana-04-00143-g002){#F2}

To confirm the differential projection patterns of the Pd and Pc, we placed injections of CTB or FG in the putamen or amygdala (Figure [2](#F2){ref-type="fig"}I). Confirming our anterograde tracing results, an injection in the putamen (Figure [2](#F2){ref-type="fig"}I, pink) that overlapped the distribution of terminals labeled by Pc BDA injections (Figures [2](#F2){ref-type="fig"}A--C) labeled clusters of cells in the Pc (Figure [2](#F2){ref-type="fig"}L) that were located in regions very similar to the location of the Pc BDA injections (Figure [2](#F2){ref-type="fig"}D). Similarly, injections in the amygdala (Figure [2](#F2){ref-type="fig"}I, green and orange) labeled cells in the Pd (Figures [2](#F2){ref-type="fig"}J,K) that were located in regions very similar to the location of the Pd BDA injections (Figure [2](#F2){ref-type="fig"}H).

The patch matrix organization of the tree shrew striatum
--------------------------------------------------------

As illustrated in Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}, several different antibodies reveal the striosomes and matrix of the tree shrew caudate and putamen. An antibody against substance P stains dense patches of terminals (3A-C, G), while an antibody against parvalbumin intensely stained cells and neuropil within the matrix (3D, E). Interdigitating substance P and parvalbumin staining patterns are illustrated in Figures [4](#F4){ref-type="fig"}B--D. As recently demonstrated in primate tissue (Mikula et al., [@B58]), an antibody against KChIP stained cells throughout the matrix of the caudate and putamen and dense patches of terminals in striosomes (3F) in the tree shrew striatum.

![**Substance P (SP), parvalbumin (PV) and potassium channel interacting protein (KChIP) antibodies reveal patch/matrix organization of tree shrew striatum**. **(A,B)** Sections (parasagittal, **A**; coronal, **B**) through the striatum stained for SP. Dark SP-positive patches are seen throughout the tree shrew striatum. **(C,D)** Adjacent sections through the putamen showing SP staining of patches **(C)** and PV staining in the matrix **(D)**. **(E)** PV stains cells within the matrix but not within patches (black asterisks). **(F)** KChIP stains clusters of terminals in patches (white asterisk) and cells in the matrix. **(G)** SP stains densely distributed terminals in patches (white asterisk). In **(A)**, scale bar = 1 mm and applies to **B**. Scale bar in **C** = 100 μm and applies to **(D)**. Scale bar in **E** = 100 μm and applies to **(F,G)**. Amg, amygdala, Cd, caudate, CL, claustrum, GP, globus pallidus, OT, optic tract, Put, putamen.](fnana-04-00143-g003){#F3}

![**Pulvinar axons innervate the striatum matrix**. **(A)** Confocal microscope image of substance P (SP, green) staining in the putamen. The matrix is sparsely innervated by thick SP axons, while the patches are densely innervated by fine SP axons. **(B--D)** Confocal image of a section stained for SP and parvalbumin (PV). The fine SP axons (purple, **B**) that innervate the patches interdigitate with a dense distribution of cells in the matrix that contain PV **(C)**. **(D)** Merged image of **(B)** and **(C)** illustrates the interlocking arrangement of the SP-rich patches and the PV-rich matrix. **(E--G)** Pulvino-striatal axons innervate the PV-rich matrix. **E** illustrates BDA-labeled pulvino-striatal axons (purple) in the putamen. **(F**) shows a PV stained cell and dendrites (green) in the same section. **(G)** Merged image of **(E**) and **(F)** shows that pulvino-striatal axons target the PV-rich matrix. **(H--J)** Pulvino-striatal axons innervate the SP-poor matrix. **(H**) shows BDA-labeled pulvino-strital axons (purple) in the putamen. **(I)** shows SP staining (green) in the same section. Only the sparse SP axons of the matrix are stained. **(J)** A merged image of **(H**) and **(I)** illustrates that pulvino-striatal axons innervate the SP-poor matrix. All scale bars = 10 μm. Scale bar in **(B)** also applies to **(C,D)**. Scale bar in **(E)** also applies to **(F,G)**. Scale bar in **(H)** also applies to **(I,J**).](fnana-04-00143-g004){#F4}

The pd and pc project to the matrix of the striatum
---------------------------------------------------

The labeling patterns observed following the large injections of BDA in the pulvinar nucleus suggest that pulvino-striatal axons innervate the matrix. These injections labeled axons that innervated large regions of the caudate and putamen, but conspicuous patches were devoid of labeled axons (Figure [1](#F1){ref-type="fig"}C). To confirm whether these unlabeled zones corresponded to striosomes, we stained tissue containing BDA-labeled pulvino-striatal axons for substance P or parvalbumin. As illustrated in Figures [4](#F4){ref-type="fig"}E--J, all observed pulvino-striatal axons originating from either the Pd or Pc innervated the matrix, as defined by substance P or parvalbumin staining. We therefore conclude that the majority of pulvino-striatal axons innervate the matrix.

The pd and pc contact spines in the striatum and amygdala
---------------------------------------------------------

Using electron microscopy, we examined a total of 181 pulvino-putamen terminals (labeled by the anterograde transport of BDA injected into the Pd and/or Pc) that were involved in synaptic contacts. No size differences were detected in the populations of terminals labeled by Pd, Pc, or combined Pd/Pc injections (Pd injections: 0.48 ± 0.30 μm^2^, Pc injections: 0.47 ± 0.24 μm^2^, Pd/Pc injections: 0.47 ± 0.27 μm^2^). Most terminals formed single synapses (62%, Figures [5](#F5){ref-type="fig"}A,B), but smaller numbers of perforated (34%, Figure [5](#F5){ref-type="fig"}C) or multiple (4%) synaptic contacts were also identified. Pulvino-putamen terminals primarily contacted spines (Pc, 100%; Pd, 94%; Pd/Pc, 93.3%) as illustrated in Figures [5](#F5){ref-type="fig"}A--C. This suggests that pulvino-striatal terminals contact GABAergic spiny projection neurons. We attempted to confirm the GABAergic nature of the postsynaptic targets by using postembedding immunocytochemical techniques to reveal the presence of GABA. However, we did not observe any accumulation of GABA within spines, although GABAergic terminals were easily detected by a qualitative assessment of gold particle density (Figures [5](#F5){ref-type="fig"}A and G).

![**Pulvino-striatal and pulvino-amygdala terminals contact spines**. Terminals labeled by the anterograde transport of BDA injected in the pulvinar nucleus contact (white arrows) spines in the putamen **(A--C)** and the amygdala **(D--G)**. Single **(A,B,D,F,G)** perforated **(C)** and multiple **(E)** contacts were observed. Postembedding immunocytochemical staining for GABA revealed surrounding GABAergic terminals (high density of gold particles; + denotes) but BDA-labeled terminals and postsynaptic spines contained a low density of gold particles. Scale bar = 0.5 μm and applies to all panels.](fnana-04-00143-g005){#F5}

We examined a total of 123 pulvino-amygdala terminals (labeled by a combined Pd/Pc injection) that were involved in synaptic contacts. The size of the labeled terminals (0.42 ± 0.17 μm^2^) was similar to the size of pulvino-putamen terminals. Most terminals formed single synapses (55%, Figures [5](#F5){ref-type="fig"}D, F and G), but smaller numbers of perforated (35%) or multiple (10%; Figure [5](#F5){ref-type="fig"}E) synaptic contacts were also identified. All pulvino-amygdala terminals were found to contact spines, as illustrated in Figures [5](#F5){ref-type="fig"}D--G.

Discussion
==========

Figure [6](#F6){ref-type="fig"} schematically illustrates the potential influence of pulvinar projections on basal ganglia circuits and behavior initiated by the SC. The current results and those of our previous study of tectopulvinar projections (Chomsung et al., [@B12]) indicate that visual information from the SC is relayed via the pulvinar nucleus to the spiny output cells of the striatum matrix and the lateral amygdala. As discussed below, we suggest that the specific projections from the SC to the Pd and Pc relay topographic visual information to the striatum to aid in guiding precise movements related to pursuit of non-threatening objects, while the diffuse projections from the SC to the Pd relay non-topographic visual information to the amygdala to alert the animal to potential danger and initiate escape behavior.

![**The potential influence of dorsal (Pd) and central (Pc) pulvinar projections on basal ganglia circuits and behavior initiated by the superior colliculus (SC)**. Left side of figure: the Pd and Pc receive topographically arranged inputs from the SC ("specific") and project to spiny output cells in the matrix (dark green) of the caudate (Cd) and putamen (PUT). GABAergic spiny cells of the Cd and PUT project to the substantia nigra pars reticulate (SNr) and GABAergic nigrotectal cells densely innervate the cells of origin of the crossed predorsal bundle (PDB). Tecto-pulvino-striatal projections could initiate pursuit movements mediated by the PDB. Right side of figure: the Pd receives additional non-topographic, convergent projections from the SC ("diffuse") and projects to spiny output cells of the lateral amygdala (La). The La projects to the PUT and central amygdala (Ce). The Ce projects to the dopaminergic substantia nigra pars compacata (SNc). Tecto-pulvino-amygdala projections could serve to amplify escape movements mediated by the ipsilateral cuneiform (CNF) pathway. See text for details.](fnana-04-00143-g006){#F6}

Potential relation of pd and pc projections to approach and avoidance behavior
------------------------------------------------------------------------------

Stimulation studies in rats revealed that the SC initiates at least two distinct behaviors: stimulation of the lateral SC (representing the lower visual field) initiates orienting/approach behavior, and stimulation of the medial SC (representing the upper visual field) initiates escape/avoidance behavior (Sahibzada et al., [@B69]). Subsequent lesion studies revealed that these behaviors are mediated by two anatomically distinct cell groups (Redgrave et al., [@B64]; Bickford and Hall, [@B6]) within the deep layers: approach movements by the crossed descending tecto-reticulo-spinal projection (predorsal bundle, PDB) and avoidance behavior by the ipsilateral descending (cuneiform, CNF) pathway (Dean et al., [@B18], [@B19]). The primary sensory responses of these two cell groups: PDB cells to somatosensory stimulation within the lower visual field, and CNF cells to large "looming" visual stimuli in the upper visual field, suggest that the PDB initiates approach toward novel, non-threatening, stimuli while the CNF initiates avoidance in response to stimuli that represent danger (Westby et al., [@B88]).

In contrast to what would be expected from their common name, most species of tree shrews (family Tupaiidae) are terrestrial and forage within 1.5 m of the ground ( Kawamichi and Kawamichi, [@B41]; Langham, [@B46]; Emmons, [@B23]). Predators vary depending on local region, but most always include mammalian carnivores and birds of prey. From her field studies, Emmons ([@B23]) noted that tree shrews may appear indifferent to threats from below, but almost always emitted strong alarm signals to perceived threats from above. With these aspects of their behavior in mind, our previous findings of the projections of the visual field on the SC are relevant. Specifically, we found that the tree shrew SC projects topographically to the Pd and Pc, with the medial SC (upper visual field) projecting to the Pd, and the lateral SC (lower visual field) projecting to the Pc ("specific" projections, schematically illustrated on the left side of Figure [6](#F6){ref-type="fig"}). The Pd receives additional non-topographic convergent input from the entire SC ("diffuse" projections, schematically illustrated on the right side of Figure [6](#F6){ref-type="fig"}). We suggested that specific tectopulvinar projections could function in coordinating precise movements to capture insects or fruit, while the diffuse tectopulvinar projections may mediate rapid responses to visual stimuli that would activate large regions of the visual field which would be considered threatening to tree shrews.

Our current results, which indicate that both the Pd and Pc project to the caudate and putamen (red arrows, left side of Figure [6](#F6){ref-type="fig"}) while the Pd, but not the Pc, projects to the amygdala (black arrow, right side of Figure [6](#F6){ref-type="fig"}) further support our proposed division of function of the tecto-pulvinar pathways through the Pd and Pc. Projections from the Pd and Pc to the GABAergic output neurons of the striatum could initiate inhibition of GABAergic nigrotectal cells which densely innervate PDB cells (Bickford and Hall, [@B7]). Disinhibition of PDB cells has been well established as a primary mechanism in the initiation of saccades and orienting movements, and the importance of SC-basal ganglia loops in this process has been clearly demonstrated (Hikosaka and Wurtz, [@B34],[@B35],[@B36]; Wurtz and Hikosaka, [@B92]; McHaffie et al., [@B57]; Schulz et al., [@B71]).

The Pd projections to the lateral amygdala (activated by diffuse tectopulvinar projections and/or specific projections from regions of the SC representing the upper visual field) could function to signal potential danger. A wide variety of studies have indicated that the amygdala is activated by threatening visual images (e.g., Morris et al., [@B60]; Vuilleumier et al., [@B83]; Liddell et al., [@B50]). As indicated on right side of Figure [6](#F6){ref-type="fig"}, the lateral amygdala (La) projects to both the striatum and the central amygdala (Ce, Amorapanth et al., [@B1]; LeDoux, [@B47]). The Ce projects densely to the dopaminergic substantia nigra pars compacta (Gonzales and Chesselet, [@B26]; Fudge and Haber, [@B24]) which may serve to amplify or inhibit subsequent motor responses, dependent on their context (Amorapanth et al., [@B1]; Dommett et al., [@B21]; Redgrave and Gurney, [@B63]; Cohen and Castro-Alamancos, [@B14]).

Visual capabilities in the absence of v1: relationship to tecto-pulvinar projections
------------------------------------------------------------------------------------

The proportion of the visual thalamus innervated by the superficial (retinorecipient) layers of the SC varies with species. In nocturnal rodents, which rely primarily on somatosensory signals to navigate their environment, a relatively small region of the lateral posterior nucleus (LPN) receives input from the superficial SC and these projections are non-topographic (Mooney et al., [@B59]; Masterson et al., [@B56]). In contrast, in diurnal squirrels and tree shrews, fast moving species which rely heavily on visual information to navigate their habitats, the SC is proportionally larger and the superficial layers innervate relatively large regions of the pulvinar nucleus in a topographic manner (Robson and Hall, [@B65], [@B66]; Luppino et al., [@B54]; Harting et al., [@B30]; Van Hooser and Nelson, [@B81]; Chomsung et al., [@B12]). These differences in tectothalamic innervation patterns are also reflected in the density of projections from the visual thalamus to the striatum. In rats, the tectorecipient LPN contributes relatively sparse input to the striatum (Doron and Ledoux, [@B22]; Cheatwood et al., [@B11], [@B10]; Kamishina et al., [@B38]), while the tectorecipient pulvinar nucleus of the squirrel (Lin et al., [@B52]) and tree shrew projects densely to the striatum.

The density of tecto-pulvinar connections in the tree shrew and squirrel is likely related to their surprisingly robust visual capabilities in the absence of V1. Snyder et al. ([@B75]) and Diamond and Hall ([@B20]) tested tree shrew and squirrel visual behavior after complete ablation of the striate cortex (with corresponding degeneration of the lateral geniculate nucleus) and discovered that both species exhibited relatively normal visual behavior. Their detailed studies of the tree shrew, and others that followed (e.g., Snyder et al., [@B75]; Ward and Masterton, [@B84]; Killackey and Diamond, [@B43]; Killackey et al., [@B44]; Ware et al., [@B86], [@B87]), revealed that tree shrews with V1 lesions were still able to make visual pattern discriminations, but that extension of the ablations to include the cortical targets of the pulvinar (i.e., temporal cortex) severely compromised the animals' visual ability and visual discrimination learning. Furthermore, ablations of the pulvinar targets alone (leaving striate areas intact) produced deficits in visual pattern discrimination and in visual "reversal learning" not seen following striate lesions. Because the temporal cortex lesions caused severe degeneration of the pulvinar nucleus, the pulvino-striatal and pulvino-amygdala projections were also likely affected in these experiments. Finally, lesions of the SC were found to compromise some color vision tasks in addition to producing deficits in pattern discrimination (Casagrande et al., [@B9]; Casagrande and Diamond, [@B8]). Taken together, these studies clearly demonstrate the significant role of the tecto-pulvinar system in many aspects of tree shrew vision.

In primates, V1 lesions produce a profound loss of visual perception, yet the phenomena of "blindsight" has revealed that even in humans, conscious perception of visual stimuli is not a prerequisite for the detection of visual stimuli and the initiation of reactive movements (Cowey, [@B17]). Although it is still unclear what pathways mediate blindsight, many studies suggest that projections from the pulvinar or dorsal lateral geniculate nucleus to the middle temporal cortex (area MT) are involved (Sincich et al., [@B73]; Berman and Wurtz, [@B5]; Lyon et al., [@B55]; Schmid et al., [@B70]). This idea remains controversial however, because V1 lesions severely diminish the responsiveness of area MT while the effects of SC lesions on area MT responses are relatively minor (Rodman et al., [@B67], [@B68]; Girard et al., [@B25]; Kaas and Krubitzer, [@B37]; Collins et al., [@B15], [@B16]). Furthermore, although inactivation of the pulvinar nucleus severely disrupts visually guided behavior (Wilke et al., [@B89]), it is still unclear whether this is primarily due to disruption of cortical or subcortical circuits. Our results raise the possibility that projections of the pulvinar nucleus to the striatum and amygdala contribute to the detection of visual signals and the initiation of appropriate behavioral responses, and may also play a role in blindsight.
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